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Edited by Ulf-Ingo Flu¨ggeAbstract LEAFY COTYLEDON 2 (LEC2) is a key regulator
of seed maturation in Arabidopsis. To unravel some of its com-
plex pleiotropic functions, analyses were performed with trans-
genic plants expressing an inducible LEC2:GR protein. The
chimeric protein is functional and can complement lec2 mutation.
Interestingly, the induction of LEC2 leads to the accumulation of
storage oil in leaves. In addition, short-term induction and use of
translation inhibitors allowed to demonstrate that LEC2 can di-
rectly trigger the accumulation of seed speciﬁc mRNAs. Consis-
tent with these results, the expression of three other major seed
regulators namely, LEC1, FUS3, and ABI3 were also induced
by LEC2 activation.
 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Genetic and molecular mechanisms controlling Arabidopsis
embryogenesis and seed maturation have been investigated
for many years. It has been shown that the regulatory proteins
LEAFY COTYLEDON 1 (LEC1), LEC2, ABSCISSIC ACID
INSENSITIVE 3 (ABI3) and FUSCA 3 (FUS3) have been
shown to play key roles in the control of embryo development
and maturation [1–8]. ABI3, FUS3, and LEC2 belong to the
B3 family of transcription factors [9,10] and LEC1 encodes a
CCAT box-binding HAP3 subunit [8,11]. LEC1, LEC2, and
FUS3 genes are required from the beginning of embryogenesis
[3] to the late maturation phase [4–7,12]. Both LEC1 and
LEC2 have been shown to induce embryo development in veg-
etative tissues when overexpressed [8,9]. LEC2, ABI3 and
FUS3 could directly bind the promoter of maturation-speciﬁc
genes [5,13]. In addition, recent data suggest that LEC1 may
act through the regulation of LEC2, FUS3, and ABI3 in a tight
interaction with ABA signalling [14,15]. However, their exactAbbreviations: DEX, dexamethasone; SSCs, seed storage compounds;
LEC, LEAFY COTYLEDON; CHX, cycloheximide; EF%, percent-
age of expression of the gene relatively to EF1a4 expression; S3,
oleosin S3; VLCFA, very long chain fatty acids
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doi:10.1016/j.febslet.2005.07.037role is far from being fully understood. For instance, it is dif-
ﬁcult to conciliate speciﬁc expression of FUS3 in the epidermal
cells with the direct activation of gene expression in the whole
embryo [16].
Ectopic expression of a gene is a useful genetic tool to unra-
vel its function. However, it may be diﬃcult to discriminate di-
rect from indirect eﬀects caused by overexpression and
resulting pleiotropic developmental and metabolic changes.
Inducible chimeric transcription factors (TFs) have been
proved to be powerful tools to rule out these eﬀects. For
instance, TFs fused to the rat glucocorticoid receptor (GR)
can be activated by exogenous addition of a synthetic gluco-
corticoid (dexamethasone, DEX) [17–19]. In addition, this sys-
tem can provide highly valuable clues on primary and
secondary targets of a transcription by inhibiting mRNA
translation.
Here, we report investigations on the role of LEC2 in the
expression of several target genes including the three regulators
ABI3, FUS3 and LEC1. We took advantage of a functional
chimeric LEC2:GR fusion to analyse the sequence of events
occurring after its activation in Arabidopsis leaves. The results
showed that LEC2 quickly and directly activates the expres-
sion of seed speciﬁc genes such as S3 oleosin (S3) and At2S3
albumin. In a second phase, it triggers the accumulation of
the three regulatory genes leading to another increase of the le-
vel of S3 and At2S3 mRNAs. Interestingly, this induction led
to the accumulation of seed speciﬁc TAGs in leaves.2. Materials and Methods
2.1. Plant growth conditions
Arabidopsis thaliana seeds (Ws) were surface-sterilized and sown on
Gamborg B5 medium supplemented with sucrose 1% and vitamins
(Duchefa Biochemie, Haarlem, The Netherlands) then grown in a phy-
totron (SANYO, Osaka, Japan) for 2 weeks at 20 C under a contin-
uous light period.
2.2. Plasmids and transgenic plants
The LEC2 coding sequence was ampliﬁed by PCR, without stop co-
don, from seed cDNAs (Col-0) with 5 0 and 3 0 oligonucleotides carrying
B1 and B2 GATEWAY (Invitrogen, Carlsbad, CA, USA) recombi-
nation sites, respectively. The primers used for the ampliﬁcation were:
5 0 CAA GAA AGC TGG GTC TTG AGA ACT TCC ACC ACC
ATA 3 0, 5 0 GGA GAT AGA ACC ATG GAT AAC TTC TTA
CCC TTT 3 0. PCR products were recombined into pDONR207 fol-
lowing the manufacturers instructions. LEC2 in pDONR207 was then
recombined into pR1R2GR plasmid [18] to produce the
p35S::LEC2:GR plasmid. This vector was introduced into Agrobacte-
rium tumefasciens C58C1 for plant transformation according to the ﬂo-
ral dip procedure [20]. Both, wild-type and lec2-4 [9] mutant
backgrounds were transformed in parallel. We selected about 40blished by Elsevier B.V. All rights reserved.
Fig. 1. Phenotypic reversion of lec2 mutation. Phenotypes of seed from wild-type (A), lec2 mutant (B), and 35S::LEC2:GR in lec2 mutant grown on
DEX (C).
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them (no. 25 and 31) for further investigation in Ws background.
Twenty primary transformants were isolated in lec2 background.
Additionally, plants carrying the TTG1 protein instead of LEC2, fused
to GR (TTG1:GR plants) were used as control to test possible unspe-
ciﬁc eﬀects of GR and DEX [18] on the transcription of LEC2 target
genes.
2.3. RNA isolation and reverse transcription PCR
Total RNA was isolated using an on-column system (Mammalian
Total RNA Miniprep, Sigma–Aldrich, Steinheim, Germany) with an
on-column DNAse treatment (RNAse free DNAse set, Qiagen, Hil-
den, Germany) as recommended by the manufacturer. RNAs were re-
verse transcribed using Superscript II (Invitrogen) following the
manufacturers instructions.
2.4. Quantitative PCR
Quantitative PCR was performed with a Light Cycler using SYBR
Green mix (ROCHE, Tutzing, Germany). The primers were designed
using the Light Cycler probe design software version 3.5 and tested
for eﬃciency rates as well as sensibility to dilutions of cDNA samples.
‘‘LEC2U’’ primers were designed on the 5 0 UTR region of the LEC2
transcript to discriminate between transgenic and endogenous copies
of this gene (see Supplementary material for oligonucleotide se-
quences). The parameters for quantitative PCR were: (1) initial dena-
turation 95 C 8 0, (2) 45 cycles as follows: 94 C 1000, 55 C 1000 72 C
1500 with a temperature transition rate of 20 C s1, and (3) determina-
tion of fusion curve 94 C 100, 65 C 3000 and an increase to 94 C with a
temperature transition rate of 0.1 C s1.
2.5. LEC2:GR induction
For induction of LEC2:GR, seedlings were transferred onto plates
containing DEX (Sigma–Aldrich) at a ﬁnal concentration of 105 M.
For cycloheximide (CHX) treatments, plantlets were placed in an
aqueous solution of DEX and/or cycloheximide (CHX Ready made,
Sigma–Aldrich) at ﬁnal concentrations of 105 and 104 M, respec-
tively. Plants were placed in phytotron for 6 h before RNA extraction.
2.6. Lipid analyses
Total lipids were extracted and separated by TLC prior to quantiﬁ-
cation by GC. An aliquot was used to determine the overall fatty acid
composition by GC as previously described by Baud et al. [2].Fig. 2. Lipid and fatty acid compositions, after LEC2:GR induction in
leaves. Quantiﬁcation of total lipids and overall fatty acid composition
by gas chromatography. (A) Fatty acid composition and (B) lipid
composition.3. Results
3.1. LEC2:GR is active and inducible
A LEC2:GR construct allowing constitutive expression of
the chimeric protein in plants was obtained. To demonstrate
that the LEC2:GR protein is active, the construct was intro-
duced in a lec2 mutant background (see Section 2). When
grown in vitro on a medium containing DEX the progenies
of several primary transformants (9/11) produced seeds with
a wild-type phenotype (Fig. 1). Other primary transformantsproduced seeds with the lec2 phenotype i.e., purple colour
due to anthocyanins accumulation. This result demonstrates
both that the chimeric protein is functional and that its activa-
tion can be tightly regulated by exogenous DEX addition. Two
independent transformants in wild-type background were used
in further studies (see Section 2).
3.2. LEC2 can induce the accumulation of seed speciﬁc lipids
Induction for 13 days on DEX, with 16-day-old seedlings,
resulted in the accumulation of very long chain fatty acids
(VLCFA) such as C20:0 and C20:1 in the leaves of the trans-
Table 1
Eﬀect of LEC2:GR on the expression of target genes
Genotypes
Ws 25 31
 DEX + DEX  DEX + DEX  DEX + DEX
(A) Genes
EF1a4 At5g60390 + + + + + +
35S::LEC2 At1g28300   + + + +
S3 At3g01570    +  +
At2S3 At4g27160    +  +
SUS2 At5g49190    +  +
(B) Genes
EF1a4 At5g60390 + + + + + +
FUS3 At3g26790    +  +
ABI3 At3g54320    +  +
LEC1 At1g21970    +  +
LEC2-UTR At1g28300    +  +
mRNA accumulations of the target genes are detected by RT-PCR after DEX treatments on wild-type and two independent transgenic lines (25 and
31) expressing LEC2:GR. (A) genes involved in the metabolism of SSCs. (B) Genes involved in the control of SSC accumulation. LEC2-UTR stands
for the endogenous LEC2 gene detected using speciﬁc oligos that hybridize with the 5 0 untranslated region.
Fig. 3. Accumulation of mRNA in leaves, after LEC2:GR induction. Two-week-old plants were treated with DEX. The accumulation of mRNA was
quantiﬁed by RT-PCR and presented as percentage of the constitutive EF1a4 accumulation . S.D. of three repetitions with two diﬀerent biological
cDNA samples are indicated. (A) mRNA for seed storage proteins. (B) mRNA for regulatory proteins.
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Fig. 4. Direct activation of S3 gene expression by LEC2:GR. The
mRNA level of S3 oleosin was measured by quantitative RT-PCR in
two-week-old in vitro plants. The accumulations of mRNA are
presented as percentage of the constitutive EF1a4 accumulation. S.D.
of three repetitions with two diﬀerent biological cDNA samples are
indicated. Expression level was measured after 6 h of treatment in four
conditions: mock, DEX, CHX, or both DEX and CHX.
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layer chromatography, extraction and GC analysis, these
VLCFA were demonstrated in the line LEC2:GR no. 25 to
be in triacylglycerols (TAGs) (Fig. 2B), which are the common
lipid storage form in Arabidopsis seed. Similar results were ob-
tained with the line LEC:GR no. 31 (data not shown). None of
the control leaves (i.e., from non-treated transformants and
wild-type treated with DEX) accumulated any VLCFA or
TAGs.
3.3. Accumulation of seed speciﬁc transcripts in leaves
As the DEX treated plants exhibited accumulation of seed
speciﬁc lipids, the inﬂuence of LEC2:GR activation on the
accumulation of known seed speciﬁc mRNAs was investigated
by RT-PCR. As expected, LEC2 mRNA was detected with or
without DEX treatment, because LEC2:GR is under the con-
trol of a strong and constitutive 35S promoter (Table 1A).
Interestingly, mRNAs from S3, At2S3, and SUS2 genes, all in-
volved in reserve accumulation (lipids, proteins and sugars,
respectively) were detected in leaves after DEX induction,
but not in the controls (Ws and TTG1:GR treated plants).
Since FUS3, ABI3, and LEC1 have previously been shown
to be necessary for normal seed maturation, the accumulation
of the corresponding mRNAs was also investigated. All
mRNAs encoded by FUS3, LEC1, ABI3 and the endogenous
copy of LEC2 (using two primers speciﬁc of the 5 0 untrans-
lated region), were induced in leaves, after DEX treatment
(Table 1B).
3.4. Rapid accumulation of speciﬁc mRNAs after LEC2
induction
To gain further insights into the mechanisms involved,
mRNA levels were measured by quantitative RT-PCR analy-
ses performed on leaves of 16-day-old in vitro grown seedlings.
Both At2S3 and S3 transcripts were found as early as 6 h after
DEX induction (Fig. 3A). Their level increases over the 13
days of induction. The accumulation of these mRNAs reached
an elevated level even higher than those of EF1a4 usually con-
sidered as a constitutively and highly expressed gene [21]. On
the other hand, 6 h after induction none of the mRNAs en-
coded by the regulatory genes LEC2, ABI3, LEC1 and FUS3
were found. They were detected only 2 days after the start of
DEX treatment, at low levels (Fig. 3B). The accumulation in-
creased over time for FUS3, LEC1, and ABI3 reaching 8% of
EF1a4 after 11 days of induction. A slight amount of endoge-
nous LEC2 was accumulated and reached a steady state of 2%
of EF1a4.3.5. S3 oleosin is a direct target of LEC2
To examine whether transcript accumulation for these genes
was under the direct control of LEC2:GR, the transformants
were treated simultaneously with DEX and CHX, which inhib-
its protein synthesis. Such a treatment allows the expression of
direct target genes and prevents the indirect activation of genes
that requires synthesis of new proteins. Under these conditions
after 6 h of DEX alone, a strong accumulation of S3 mRNA
was detected (Fig. 4). No eﬀect of the CHX treatment was no-
ticed in absence of DEX. When CHX was added together with
DEX, a high level of accumulation was still detected for S3
mRNA, suggesting that the corresponding gene is a primary
target of LEC2. A similar result was obtained for At2S3,although the combined treatment with DEX and CHX pro-
duced a super induction of the accumulation of the mRNA
(not shown).4. Discussion
It has been shown that ectopic expression of LEC2, under the
control of a strong CaMV 35S promoter, can induce the forma-
tion of structures similar to somatic embryos on vegetative tis-
sues [9]. The transcript of storage proteins, e.g., cruciferin A and
an oleosin were found to accumulate in these tissues. However,
the constitutive expression of LEC2 in these transformants did
not make it possible to discriminate between the direct eﬀects of
LEC2 on gene expression and its indirect eﬀects due to constitu-
tive expression and the abnormal development of the vegetative
tissues. Therefore, to answer this question, transgenic plants
that express an inducible LEC2:GR protein were obtained.
The functional complementation of lec2mutation by LEC2:GR
after DEX induction demonstrated that the chimeric protein is
active and that its activity can be controlled.
After long-term induction (2 weeks), some abnormal struc-
tures/tissues were observed on leaves, although no somatic em-
bryos were detected. This apparent discrepancy with previous
results [9] may be due to some experimental diﬀerences be-
tween the two systems. Indeed, in the experiments reported
here, LEC2 was active neither during the formation of the seed
nor during the 2 weeks of seedling growth. Nevertheless,
LEC2:GR is functional (i.e., can complement the lec2 pheno-
type) and its induction appeared to be suﬃcient to modify lipid
composition and led to the accumulation of VLCFAs and seed
speciﬁc TAGs in leaves. In addition, the high level of accumu-
lation of seed speciﬁc mRNAs coding for an oleosin, a sucrose
synthase and a seed storage protein suggested that the leaf
metabolism is modiﬁed and shifted to storage type. This result
was not observed in TTG1:GR transgenic plants used as a con-
trol. Consistent with these results, an increase in the level of
4670 M. Santos Mendoza et al. / FEBS Letters 579 (2005) 4666–4670ABI3, FUS3, and LEC1 mRNA was also found and correlates
with an increase in At2S3 and S3 mRNA accumulation.
Therefore, one may hypothesize that LEC2 acts on the expres-
sion of other regulatory genes and that together these genes
have a synergistic eﬀect on seed storage compound (SSC) genes
expression.
To test if these genes may be direct targets of LEC2 in plan-
ta, mRNA accumulation was monitored by quantitative RT-
PCR after short-term induction (6 h). An accumulation of
At2S3 and S3 mRNA was detected, but not for FUS3,
ABI3, LEC1 or endogenous LEC2 mRNAs. These results sug-
gest that LEC2 alone is suﬃcient to trigger At2S3 and S3
mRNA transcript accumulation, although it cannot be totally
excluded that undetectable levels of expression of FUS3,
LEC1, or ABI3 participate in this induction. Additional exper-
iments in mutant backgrounds (abi3, fus2, or lec1) should
make it possible to determine if the corresponding proteins
are necessary for short-term induction.
CHX treatments do not prevent the induction of S3 accumu-
lation, demonstrating a direct eﬀect of LEC2 on the expression
of the corresponding gene. A similar result was obtained with
At2S3. The super induction observed for this gene, after
DEX + CHX treatments, suggests a possible negative regula-
tion by an unstable protein. The fact that LEC2 may activate
LEC1, FUS3 and ABI3 directly is still a matter of debate.
However, it has recently been published that the overexpres-
sion of LEC1 can induce ABI3, FUS3 and LEC2 [14]. As
LEC1 is induced in LEC2:GR plants early after DEX treat-
ment, the induction of ABI3 and FUS3 may be mediated by
LEC1. This question could not be addressed in our experi-
ments since LEC1, FUS3 and ABI3 cannot be detected after
short-term induction and thus tested in the presence of CHX
that becomes toxic after longer treatments. Other tools and ap-
proaches will have to be developed to answer this question and
a transcriptome analysis under DEX induction conditions is
underway to inventory genes that can be controlled by LEC2
and to build the network of LEC2-inducible genes. Altogether,
these experiments conﬁrm the key regulatory function of
LEC2 and shade new light on its function in the complex reg-
ulatory network that controls seed maturation.
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